In this paper mesoscopic (individual based) and macroscopic (population based) models for mesenchymal motion of cells in fibre networks are developed. Mesenchymal motion is a form of cellular movement that occurs in three-dimensions through tissues formed from fibre networks, for example the invasion of tumor metastases through collagen networks. The movement of cells is guided by the directionality of the network and in addition, the network is degraded by proteases. The main results of this paper are derivations of mesoscopic and macroscopic models for mesenchymal motion in a timely varying network tissue. The mesoscopic model is based on a transport equation for correlated random walk and the macroscopic model has the form of a drift-diffusion equation where the mean drift velocity is given by the mean orientation of the tissue and the diffusion tensor is given by the variance-covariance matrix of the tissue orientations. The transport equation as well as the drift-diffusion limit are coupled to a differential equation that describes the tissue changes explicitly, where we distinguish the cases of directed and undirected tissues. As a result the drift velocity and the diffusion tensor are timely varying. We discuss relations to existing models and possible applications.
Introduction
In a review article on cell movement, Friedl and Bröcker [10] report that the movement of amoeboid cells on a surface differs significantly from their Dedicated to K.P. Hadeler, a great scientist, teacher, and friend.
T. Hillen (B) University of Alberta, Edmonton, AB, Canada T6G2G1 e-mail: thillen@ualberta.ca a) b) Fig. 1 A sketch of an undirected tissue in (a) and a directed tissue in (b) movement in a tissue matrix. On flat surfaces (like a petri dish) cells are free to move in any direction, and they can form multiple adhesions with the substrate. In many cases cells appear round-shaped with broad protrusions in the direction of movement. In three dimensional tissues, however, cells experience movement constraints given from the surrounding tissue. Some tumor cells, for example, appear elongated and spindle shaped. They send out thin pseudopods for directional guidance from the surrounding matrix. Moreover, the cells use proteases to alter the tissue and to cut through obstacles. This form of motion is termed mesenchymal motion [10, 11] .
In this paper we derive and analyze transport models for mesenchymal motion and we study the corresponding drift-diffusion limits. Transport models are also seen as mesoscopic models which simplify the microscopic details, but still allow for an individual-based model. Scaling arguments are used to derive corresponding macroscopic models which describe a population of cells as a whole. These models typically take the form of drift-diffusion equations. Macroscopic models are very useful to describe the dynamic behavior of moving cells in tissues and they can be easily extended to include interactions with the immune system, the invasion of harmful metastases, or guided movement due to chemotaxis.
The main result of this paper are the derivation of kinetic models for mesenchymal cell movement in network tissues, their drift-diffusion scaling limits, and a discussion of the corresponding one-dimensional versions. The whole analysis is divided into undirected and directed tissue (explained below). The transport models are given in (12) for undirected tissue and in (17) for directed tissue. The corresponding one-dimensional versions are given in (27) for undirected tissue and in (20) for directed tissue. The macroscopic drift-diffusion limits are given in (60)-(64) for undirected tissue and in (67)-(70) for directed tissue.
In undirected tissues the fibres are symmetrical along their axis and both fibre directions are identical (see Fig. 1a) ). Collagen fibres are undirected and they form the basis for many human (and animal) tissues. It is of utmost importance to understand the movement behavior of cells in tissues and to attempt to model the cell-tissue interactions. The tissue morphology can be of very different nature: from the elongated and parallel-oriented fibres of type I collagen, to the network-like fibres of type IV collagen. An overview of relevant tissue matrices can be found in Yurchenko et al. [25] .
